studies found that these populations belong to different species and that the estuarine form was a new species: furthermore, genetic data have revealed the M. orientalis complex is constituted of highly diversified populations over geographical scales within each lineage (Hanamura et al. 2008b, Hanamura et al. unpubl. data) .
Life history characteristics of mysid species can vary considerably from one habitat to another (cf. Mauchline 1980) . Hence, knowledge on the biology of local populations is essential for subsequent studies on related scientific fields. In addition, information on the biology and ecology of tropical shallow-water mysids is very poor compared with those of subarctic and temperate species (e.g. Mauchline 1980 , Fenton 1994 , Yamada et al. 2007 .
Mesopodopsis orientalis occurred in abundance and constituted a substantial portion of littoral crustacean collections conducted off the west coasts of Peninsular Malaysia, suggesting that this species plays a key role in ecological interactions in the region (Hanamura et al. unpubl. data) . This paper aims to elucidate the abundance, population structure, and reproductive processes of M. orientalis according to seasonality, and furthermore small scale variability in abundance was analysed in relation to environmental factors based on a 21-month survey on a tropical sandy beach on Penang Island, north-western Peninsular Malaysia.
Materials and methods
The mysid survey was carried out on an open sandy beach of Teluk Kumbar (5°17Ј09.0ЉN, 100°14Ј02.0ЉE) located on the southern coast of Penang Island, north-west Peninsular Malaysia (Fig. 1) , from December 2004 to August 2006. The tidal range was between 0.3-3.0 m throughout the year (Anonymous 2006) .
Monthly samplings for mysids were conducted using a square, hand-held dip net (30 cm mouth width; 0.77 mm mesh openings) usually at the morning low tide. The net was towed by hand along the intertidal swash zone for more than 20 m at a depth of 40-50 cm. Apart from monthly surveys, two separate 24-hour surveys were conducted in January (north-east monsoon; dry season) and August (southwest monsoon; wet season) of 2006 in order to establish whether Mesopodopsis orientalis is present in the intertidal zone of the beach during the day and night. For this purpose, samplings were carried out at intervals of three hours. In addition, further collections were made to obtain information on the small scale spatial variations of the species, in which the net was towed parallel to the intertidal zone at a fixed distance of 10 m, and seven consecutive samples were obtained along the shoreline (70 m in total). Moreover, the catches made between shady and sunny areas were analysed in order to clarify the effect of sunlight on the distribution of mysids. The mysid densities were calculated from the catch in numbers and the area swept by the net (net widthϫdistance of tow), where the sampling efficiency of the net was regarded as 100%.
All biological samples were immediately fixed with 5-10% seawater-buffered formalin and preserved prior to subsequent analyses.
The water temperature and salinity were monitored using an electronic CST meter (Alec ACT20-D) during every sampling session.
Specimens within whole samples or appropriate subsamples were counted and examined according to their sample sizes. When multiple samples were obtained during the same morning of a day, all data were pooled. When multiple samples were collected at different times of a given day or on different days in a given month, the set of samples from a single session that best satisfied the morning low tide criteria was chosen for seasonal analyses.
Body length (BL) was used as the standard and was measured from the anterior margin of the rostrum to the posterior end of the telson for more than 100 individuals, if available, with an ocular micrometer mounted on a stereomicroscope. For each individual, the sex and developmental stages were determined based on the following criteria (see "Results" for details on this categorisation): juvenile (Յ3.4 mm), immature (or sub-adult) male (3.5-5.5 mm), adult male (Ն5.6 mm), immature female (3.5-5.6 mm), adult female (Ն5.7 mm), and ovigerous (carrying egg/embryo) or breeding female.
For breeding females, the developmental stages of eggs and/or embryos were determined and classified into three categories incorporating the results of previous literature (cf . Nair 1939 , Mauchline 1980 , Hanamura et al. 2008a ): Stage I, spherical egg-like embryo covered by the egg membrane (as "egg" in this paper); Stage II, egg hatched larvae with extended body and differentiated antennules but without pigmented cornea in the eye (eyeless embryos); Stage III, moulted larvae with differentiated thoracic ap- pendages and stalked eyes with pigmented cornea ready to hatch out in a short time (eyed embryos).
The brood size was determined by counting the number of eggs carried by the female. The egg diameter was measured along the longest axis. Each breeding female was also categorised into three stages corresponding with the stages of embryos they were carrying in their brood pouches, and each of them was, thus, denoted as Stage I, II, and III females.
In statistical analyses, differences were considered significant at the 95% confidence interval (pϽ0.05).
Results

Environmental properties
The beach, categorised as an intermediate between the dissipation and reflective types (cf. Brown & McLachlan 1990) , stretches about 1,500 m or more along the coast of the bay. The beach area covering the intertidal zone consists of fine sand particles, and the bottom just below the lowest tidal mark is occupied by thick mud as deep as 30-50 cm over the whole inshore region (Trough).
The surface water temperature varied from 27.5-33.3°C during the research period, with an annual mean (ϮSD) of 30.4Ϯ1.24°C (Fig. 2) . Although the water temperature exhibited a slight peak during the dry season (January-March), seasonal variation was generally small. Otherwise, depending on the weather conditions, the water temperature could fluctuate as much as 3°C in a day, and daily peaks were generally encountered in the afternoon.
The salinity varied from 28.45-31.65, with an annual average of 29.84Ϯ0.88 (Fig. 2) . As in the water temperature, salinity in the study site could temporally drop down to as low as 26.00. This low salinity during the lowest tide period may have resulted from the influence of high freshwater inflow from adjacent creeks.
Development and body size
Males started to develop the fourth pleopods by differentiation into an endopod and an exopod at a size of 3.0-3.3 mm, easily enabling sexual definition under a binocular microscope thereafter. The development of a male lobe on the antennules was slightly delayed compared to that of the fourth pleopod.
Males with spermatomass attached to the penis were normally observed in individuals greater than 5.5 mm. The male fourth pleopod attained the full adult length, extending to the end of the sixth abdominal somite, at a size between 5.0-5.5 mm. Males, therefore, were considered to reach sexual maturity at around this size, although a small portion of males might have attained sexual maturity at a smaller size (see below). The largest male observed in this study was 7.1 mm.
The marsupial lamellae began to expand when specimens reached a size of about 3.5 mm or slightly later. The smallest breeding female examined was 5.2 mm, but the number of breeding females in the size class above 5.7 mm increased (see also Fig. 6 ); therefore, the majority of females were regarded to reach sexual maturity at around this size. The largest female recorded was 8.3 mm.
Accordingly, smaller individuals below 3.5 mm were assigned as juveniles in this paper.
Seasonal changes in the sizes regarding these developmental processes and reproduction could not be observed.
Abundance
The number of Mesopodopsis orientalis caught during the monthly survey conducted at the morning low tide showed a somewhat wide temporal variation, ranging from 0.7 to 534 indiv.m Ϫ2 , with an overall mean of 49 indiv.m Ϫ2 (Fig. 3 ). Additional samplings, however, showed that the density of M. orientalis often exceeds 1,000 indiv.m Ϫ2 and could reach as high as 8,656 indiv.m Ϫ2 (Table 1 ). In this respect, there is a slight possibility that the biomass of M. orientalis is slightly higher than that observed from the monthly analyses. Obviously, the occurrence of M. orientalis was year round in Penang waters, and no prominent seasonal trends in abundance were observed (Run test, zϭ0.543, pϾ0.05). 
Population structure
The occurrence of juveniles accounted for 0.7 to 59.2% of the population, with an average of 17.6% (Fig. 4) . Juveniles, however, might be underestimated because the mesh size of the net used in this study was slightly too large to collect early stage juveniles with maximum efficiency. In addition, due to weak swimming ability, juveniles remaining at the intertidal swash zone may be fewer when the sea condition at the shore is rough.
Immature specimens made up 58.6% of the whole shore population, being 2.5 times more numerous than the adult population (mature malesϩmature femalesϩovigerous females).
Breeding females were present all year round, making up 5.6 to 23.2% of the population, with an average of 9.6%. This observation, coupled with the year-round presence of juveniles, indicates that the reproductive activity of Mesopodopsis orientalis takes place throughout the year at the study site.
The ratio of male in each sample varied from 33.3 to 56.5%, and the overall incidence of males was 47.3%: female predominance was statistically significant (c 2 ϭ39.72, d.f. 20; pϽ0.05).
Breeding females and broods
Stage II ovigerous females constituted a substantial portion of the total number of breeding females throughout the year, although Stage I and III females exhibited a significant level of large variation according to the sampling date ( Fig. 5 ).
Breeding females occurred in a size range between 5.2-8.3 mm with a mode between 6.1 and 7.0 mm, and the latter (6.1-7.0 mm females) made up 76.5% of that population. The mean length of breeding females successively increased, and, inversely, their size ranges decreased as the stage of eggs/embryos progressed, as follows: Stage I females, 6.57Ϯ0.48 mm; Stage II females, 6.69Ϯ0.42 mm; and Stage III females, 6.83Ϯ0.38 mm (Fig. 6) . The size differences among the three groups were statistically significant (Kruskal Wallis test, c 2 ϭ26.26, d.f. 2, pϽ0.05), and subsequent multiple analyses indicated that Stage III females were the largest, followed by Stage II and I females, in descending order (Scheffe's test, pϽ0.05).
The egg of Mesopodopsis orientalis is oblong or somewhat polygonal in shape, and the egg diameter ranged from 0.30-0.42 mm when measured along the longest axis, with a mean (ϮSD) of 0.37Ϯ0.024 mm (nϭ261). There was no correlation between the egg diameter and female body length within the observed size range (Figure 7a) and no significant difference was observed among the monthly values (Bonferronni's multiple comparison test, pϾ0.05, initial a ϭ0.05/66). The body length of Stage III embryos was 1.1-1.2 mm, as measured along the distance between the anterior end of the eye-stalk (ventral side) and the posterior end of the uropod without stretching the body. The smallest free living individual captured was 1.3 mm. The brood size closely correlated with female body size, and a linear regression between the number of eggs (N) and female body length (BL in mm) was obtained as;
Nϭ5.59BLϪ23.09 (r 2 ϭ0.81) ( pϽ0.05) (Fig. 7b) The maximum number of eggs carried by a single female was 24 (see also Fig. 7b ).
Spatial and diel variations
Several trees occasionally cast shadows on the beach at the sampling site. To clarify the effect of sunlight on the abundance of Mesopodopsis orientalis, the catches made between shady and sunny areas were analysed. Prior to the calculation, the original catch data (Table 1) were normalised by log (nϩ1) transformation. This analysis showed no significant differences in mysid abundance between the two areas (student's-tϭ1.140, pϾ0.05).
An additional transect survey was conducted to investigate whether or not their distribution is uniform along the shoreline. This survey demonstrated that the mysid density could vary greatly and abruptly owning to possibly patchy distribution (see Fig. 8a , Table 1 ).
In the two separate diel samplings, no distinct pattern was found in abundance between day and night (Student's-tϭ1.021, pϾ0.05), although the catches were consistently smaller in number in January than in August (Figure 8b ) (Student's-tϭ3.478, pϽ0.05). There were no correlations between the abundance of mysids and the temperature, salinity, or tidal cycle (Kendall rank correlation test, tϭ Ϫ0.143-0.473, pϾ0.05).
Discussion
Seasonal abundance
The density of Mesopodopsis orientalis in Penang waters, ranging from 0.7-8,656 indiv.m Ϫ2 , is comparable to those of several other beach mysid species reported around the world, regardless of the mode of existence, although the northern temperate populations of Archaeomysis show a slightly higher density level than southern species (cf. Matsudaira et al. 1952 , Wooldridge 1981 , 1983 , San Vicente & Sorbe 1993 , Takahashi & Kawaguchi 1995 , Hanamura 1999 , Nonomura et al. 2007 ). On the other hand, the catch in numbers of the Penang population was considerably lower (Ͻ10x) than that of its estuarine counterpart (Hanamura et al. 2008a ; as M. orientalis, now regarded as a new sibiling species, see Hanamura et al. 2008b) . Food availability may be one of the important factors contributing to the abundance of mysids.
The population dynamics of M. orientalis in Indian coastal waters has been reported to correlate with the monsoon (Nair 1939 , George 1958 , Bhattacharya & Kewalramani 1972 , although Sarkar & Choudhury (1986) showed only a weak correlation with the monsoon in the Hooghley estuary. Bhattacharya & Kewalramani (1972) and Bhattacharya (1982) studied temperature and salinity tolerance in the laboratory and demonstrated that M. orientalis of In-dian coastal waters could survive under an extremely wide range of temperature and salinity conditions even though it tends towards a low salinity preference, particularly in the early life stages. The two annual monsoons, the north-east monsoon from November to February/March and the southwest monsoon from May to September, significantly influence the seasonal characteristics of the local climate and sea conditions (rainfalls, currents, waves, sea level variations, etc.) on the west coast of Peninsular Malaysia (cf. Lim 2001 , Chong et al. 2005 . The results of the trend analysis, however, showed no evidence of periodicity in the abundance of mysids, although this should be validated by more detailed studies in the future.
Reproductive characteristics
The exact brood number of Mesopodopsis orientalis cannot be demonstrated, although some authors have remarked that this species carries nine broods (Mauchline 1980 , Wittmann 1984 , Greenwood et al. 1989 , Delgado et al. 1997 ). However, Nair (1939) indicated that M. orientalis in Indian coastal waters bears 8-12 eggs in each of the ovarian tubes and extrusion is simultaneous on both sides. Thus, the brood number (Յ24) and egg size (mean: 0.37 mm) of M. orientalis observed in this study appear to agree well with the values suggested from Nair's observations.
The clutch size of M. orientalis at the study site is comparable to or slightly more fecund than that of the southern British population of the related Mesopodopsis slabberi (van Beneden), although the clutch size of the latter species is reported to vary depending on the geographical populations or different generations (cf. Delgado et al. 1997) . The Penang population of M. orientalis carried smaller-sized and a larger number of eggs, and was again smaller in subsequent life cycle stages (e.g. clutch size Յ24, mean egg sizeϭ0.37, maximum body size 8.3 mm) as compared with its estuarine counterpart (clutch size Յ13, mean egg sizeϭ0.46, maximum body size 8.6 mm) (see also Hanamura et al. 2008a) . Subsequent morphometric and genetic analyses suggested that the estuarine population could be referred to as Mesopodopsis tenuipes Hanamura, Koizumi & Sawamoto, a newly found sibling species of M. orientalis, and, moreover, that these two species comprise several genetically diversified populations over its range of distribution (Hanamura et al. 2008b, Hanamura et al. unpubl. data) . Similarly, recent taxonomic analyses incorporating the molecular data have revealed high genetic diversification and/or cryptic speciation in several cosmopolitan species of mysids (e.g. Audzijonyte & Vainola 2005 , Remerie et al. 2006 ). These findings suggest that differences in life history features among local populations of a mysid should be reassessed from the view point of not only environmental adaptation but also its genetic background.
Gravid females do not moult during the breeding period. Nevertheless, the mean body size of breeding females increased with the progress of larval development (Fig. 6) . A 58 Y. HANAMURA et al. Fig. 8 . Changes in the density along the shoreline (a) and daynight abundance (b) of Mesopodopsis orientalis observed on a sandy beach on southern Penang Island, Malaysia. "Shady" and "sunny" in the upper panel (a) indicate shady and sunny areas, respectively. The reverse triangle in the lower panel indicates that the collection was made by a tow of 8 m distance; "N" denotes that no mysid specimens were captured. similar size increase in breeding females has been reported in various species of mysids and has been explained as inter-moult growth causing the stretching of the abdomen (Mauchline 1973a , Fenton 1994 . To confirm this in M. orientalis, the lengths of the abdomen (from the anterior end of the first abdominal somite to the posterior end of the telson) on the cephalothorax (from the anterior edge of the rostrum to the last thoracic somite) were measured and compared between the Stage I (Yϭ1.437xϩ0.548, r 2 ϭ0.78) and Stage III (Yϭ1.535xϩ0.224, r 2 ϭ0.86) females (Fig. 9 ). The analysis of covariance showed no significant difference between the two groups (F 1 (1,201)ϭ0.257, pϾ0.05; F 2 (1,202)ϭ1.102, pϾ0.05) , suggesting that somatic growth of the abdomen is not the factor leading to size increase in the breeding female population.
On the other hand, the size increase observed in this study could be attributed to the fact that smaller females have a relatively higher mortality rate than larger ones as the number of larger-sized females (greater than 7.5 mm) did not increase, while that of smaller-sized females noticeably decreased. While this is still speculative, if the observed number of breeding females in the three stages reflects a proportion close to that of the wild population (Fig.  6) , their mortality during the breeding period is rather high, particularly in smaller females. The comparatively larger number of Stage II females could be explained by a relatively longer incubation period (cf. Nair 1939 , Mauchline 1973b , then it could involve more than one cohort/generations (t i ϩt i1 ) within any given sample. Greenwood et al. (1985) , otherwise, implied that embryos produced by Tenagomysis macropsis Tattersall of less than 8.5 mm in size in a New Zealand estuary hardly ever survived to the final stage. It is stressed that careful consideration should be given to evaluation of changes in the size of breeding females on the basis of wild samples, and that further studies are obviously needed.
A survey on Misidium columbiae (Zimmer) in a man-grove lagoon in Jamaica provided a rare instance of seasonality in abundance and reproductive characteristics of tropical coastal mysids and showed that the reproduction of that species takes place year round (Goodbody 1965) . Contrary to this, temperate coastal mysids usually produce two or three alternate generations a year and have relatively smaller eggs in summer (e.g., Mauchline 1980 , Fenton 1994 , Hanamura 1999 ). Our study clearly determined that the reproductive activity of M. orientalis in Penang waters is a year round phenomenon without cessation and that the size of the breeding population, clutch size and egg diameter did not vary seasonally. Water temperature has a substantial effect upon physiology and reproductive processes in coastal mysids (cf. Mauchline 1980 , Wittmann 1984 .
The relatively stable environmental conditions of this region throughout the year undoubtedly contribute greatly to reduced seasonality in the reproductive traits of this species.
Small scale spatial variability
Little information on the behaviour and movements of Mesopodopsis orientalis is available. This species has been observed to form aggregations in the daytime at the surface in inshore waters, close to the coast or rocks (Tattersall 1915 , Bhattacharya 1982 . In our field surveys on beach crustaceans conducted along north-western Peninsular Malaysia, almost all specimens of M. orientalis were obtained at the intertidal swash zone, while only a few individuals were collected in the sub-littoral strata between 1.5-4 m. A neuston net also produced a few specimens of this species in slightly off shore waters at research sites (Hanamura et al. unpubl. data) . Thus, we are inclined to believe that this species has a strong affinity to inshore waters near to the shoreline during the daytime. It is worthy to note that no specimens of M. orientalis have been captured on the northern coast of Penang Island in spite of the fact that several sampling trials were conducted there, though the factors causing this disjunction of distribution are unknown. Regarding the coastal biota of Penang Island, Berry (1964) mentioned that high salinity and strong wave action are the major factors hampering the formation of mangrove communities on the northern coast. Tattersall (1915) observed shoals of M. orientalis and their behaviour in the shadows cast by rocks and consequently reached the conclusion that M. orientalis tends to avoid strong light. In this study, however, there was no significant difference in the size of the catches on the open sandy beach between the shady and sunny areas (Table 1) . Sunlight, therefore, might not be the single factor responsible for their distribution. Moreover, in the Gulf of Thailand, commercial fishing of M. orientalis is carried out in the daytime, targeting surface aggregations formed in inshore waters at depths of around 1.0-1.3 m (Fujioka pers. comm.).
A closer congener, Mesopodopsis wooldridgei Wittmann Fig. 9 . Relationship between the lengths of the abdomen and cephalothorax in breeding females of Mesopodopsis orientalis collected on a sandy beach on southern Penang Island, Malaysia. F1, Stage I females; F3. Stage III females.
(as M. slabberi), in Southern African waters undergoes a clear onshore-offshore diel feeding migration (Webb & Wooldridge 1990 ). In contrast, there is still no information available on the behaviour of M. orientalis at night. The present survey provided the first insight about this, demonstrating that M. orientalis, or at least a part of the population, remains in the intertidal zone during both the day and the night (Fig. 8b) . However, since our survey was confined to the shore area, more detailed studies should be conducted in connection with inshore-offshore movements.
